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Abstract 
Reducing the uncertainty of long-term storage at potential Carbon Capture Storage (CCS) sites is reliant on a thorough 
understanding of the heterogeneity of seals and caprocks. Assessing holding capacities and potential seal bypasses is necessary 
for reliable estimates of total storage and retention. This study examines the geologic heterogeneities of different lithologic 
seals, and defines processes that impact the likelihood of safe and effective carbon storage. 
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1.  Introduction 
Detailed geologic characterization of sealing lithologies is essential for reducing uncertainties associated with 
long-term sequestration of anthropogenic CO2. An effective seal is laterally continuous and lithologically 
consistent, free of open faults/fractures, has low permeability and small pore throat radii, a relative degree of 
ductility, and includes minerals, such as clays and evaporates, that have high fluid-retention capabilities. These 
physical properties are the result of numerous geologic processes, and are therefore unique to individual 
formations. There have been numerous investigations of seals and cap rocks, mostly describing the relation and 
capacity of these rocks to underlying hydrocarbon deposits [1,2,3]. These investigations describe the complexity 
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and heterogeneity of seals, and determine that numerous processes both pre- and post-burial influence overall 
trapping capacity. Additionally, they conclude that characterizing seals can help constrain some aspects of 
subsurface fluid flow, which is of particular concern of CCS.  
At a CO2 sequestration characterization study site on the Rock Springs Uplift (RSU) in southwest Wyoming, 
several potential sealing lithologies overlie investigated reservoirs [4]. These formations include the Triassic 
Chugwater Group and Dinwoody Formation, the Pennsylvanian Amsden Formation, and a micritic limestone facies 
at the top of the Mississippian Madison Limestone (Fig. 1). These formations have differing lithologies, which 
introduces multiple aspects of geologic heterogeneity and uncertainty. However, the diversity of lithologies is 
correlative to potential seals at other CCUS sites, providing necessary analogs for current and future projects [5]. 
Portions of these formations were cored during the completion of a characterization well, and research to determine 
sealing potential on these intervals includes petrographic, geochemical, isotopic, mechanical, capillary entry 
pressure, seismic, and petrophysical analysis (Fig. 1). This study, funded by DOE DE-FE0002142, aims to define 
the site’s sealing potential, and define the geologic characteristics that make for an outstanding seal. 
2.  Background 
At the University of Wyoming stratigraphic test well in the Greater Green River Basin in southwest Wyoming, 
approximately 920’ of core was collected, as well as a diverse suite of petrophysical logs, fluid samples, and in-situ 
well measurements [4]. Most of the core was retrieved from targeted reservoir formations, though over 200’ of core 
was collected from formations and lithology that were assumed to act as primary seals [4] (Fig. 1). Targeted seals 
were selected on the basis of data from regional oil and gas fields [4]. In addition to downhole data, a 3-D seismic 
survey was completed over a 25 mi2 area surrounding the stratigraphic well.  
Initial investigations at the study site focused on reservoir characterization of the Weber Sandstone and the 
Madison Limestone (Fig. 1) [4]. These studies identified a dolomite facies within the Madison Limestone as the 
best potential reservoir for successful injection of CO2 [4]. Previous investigations at the study site defined up to 
300 vertical feet of storage potential within the Madison dolostone facies [4]. From these conclusions, long-term 
storage can only be accomplished at the study site if there is/are seal(s) capable of retaining at least 300’ of 
supercritical CO2 within this reservoir zone. 
3.  Results 
 
3.1. Seismic analysis 
A primary focus of seismic study at the study site was to analyze the possibility of seal bypass features in the 
vicinity of the test well. The term seal bypass, as defined by Cartwright [6] and others, 2007, refers to any process 
or sequence that allows fluid to flow vertically or sub-vertically through low-permeability strata. At the study site, 
we found that coherence, curvature, and amplitude gradient attributes computed from seismic data facilitate 
mapping of potential bypass features. Seismic coherency is a measure of the consistency of a seismic reflection. 
Where events are continuous, coherency is high, and where events are terminated either by faulting or stratigraphy, 
there is a lack of continuity (commonly evidenced as dark areas on coherency displays). While there is a relative 
continuity of seismic reflections within the sealing lithologies and associated reservoirs (Fig. 2), a detailed analysis 
of coherency sections identifies several faults within the study area (Fig. 2). These faults become more evident 
when the coherence is mapped over the interpreted horizons (Fig. 3, red arrows). These analyses also highlight 
several features that are ovoidal in plan view (Fig. 3, blue arrows). These are vertical features that are rooted below 
the limestone facies within the Madison and propagate through portions of the Triassic section. Figure 4 is included 
to highlight the relation and continuity of geologic formations at the study site.  
Seismic analysis identifies two groups of potential seal bypass systems within the survey bounds at the study 
site. These are (1) orthogonal sets of deformation bands (folds, fractures, and/or faults), and (2) channels or pipes 
similar to karst collapse features. The deformation bands interpreted on the most negative seismic curvature 
attribute are likely associated with folding of the Paleozoic strata. They are arranged in patterns related to structural 
position and are generally perpendicular and parallel to the RSU fold hinge. Isolated, vertically oriented 
 J. Fred McLaughlin et al. /  Energy Procedia  63 ( 2014 )  4999 – 5009 5001
discontinuities that originate in the Madison Limestone were interpreted within the seismic coherency attribute 
volume and on coherency horizon slices, and are similar to karst features in other parts of Wyoming. It is unknown 
whether either of these features introduces fluid flow pathways through potential sealing lithology. 
 
3.2. Core analysis 
 
The lower portion of the Chugwater Group is siltstone with a clay matrix of illite, muscovite, chlorite and 
cements of calcite, anhydrite, and halite (Fig. 5). Petrographical analysis indicates deposition took place in a 
shallow, fluctuating, oxidizing, hypersaline marine environment proximate to a detrital source. Variable 
compositions of δ18O, from -12.2 to -2.5‰, indicate that carbonate cements precipitated throughout the burial 
history (Fig. 6). Compressive strength of the formation approaches 50,000 psi and axial and radial strain analysis 
indicates the rock can be relatively ductile (Table 1; Fig.7). Capillary displacement pressures range from 940 to 
2,719 psi and pore throat radii were generally < 0.1µ (Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Stratigraphic column, cored intervals (in black), and select petrophysical logs for the University of Wyoming 
stratigraphic test well in southwest Wyoming. Note that the Madison Limestone is divided into an upper and lower unit, which 
separates dolostones and limestone facies (the upper limestone facies is a potential seal). 
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Fig. 2. Interpreted southwest-northeast profile through seismic amplitude volume (a) and corresponding coherency section (b). 
Seismic amplitude variations (a) are presented with conventional variable area wiggle trace display method, while coherency 
(b) is shown in shades of gray-scale. The red arrowheads indicate basement-involved faults. The blue arrowheads point at near-
vertical features that we interpret as dissolution pipes (see for locations).  
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Fig. 3. Interpreted stratal slices through seismic coherency volume: (a) in the Madison dolostones, (b) at the Lower Triassic Dinwoody level. 
Seismic coherency variations are displayed in shades of gray-scale. Note an orthogonal system of faults (red arrowheads) northeast of the RSU 
#1 well (a), and oval dark planforms southwest of the well along the sealing horizon (blue arrowheads in (b) that are interpreted as karst collapse 
features. The green lines on both panels show location for vertical sections in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Interpreted west–east profile through the acoustic impedance volume at the RSU #1 well location. The color-coded impedance image is 
co-rendered with seismic amplitude section. Investigated reservoirs are indicated by blue boxes, seals by red boxes. 
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    (a)                    (b) 
 
 
 
 
 
    (c)                 (d) 
 
 
 
 
 
 
 
 
 
Fig. 5a-d. Microphotographs of Chugwater Group siltstones at depths of (a) 10,627.8’, (b) 10,662.8’, (c) 10,682.1’, and (d) 10,601.9’ clockwise 
from top left. Figures 5c and d represent typical, laminated siltstones of the Chugwater Group. Petrographic porosity is negligible due to 
cementation. Figure 5a shows mud intraclasts, anhydrite nodules, and a contact at a reduction zone (bottom part of slide, light-colored). Calcite 
increases in the reduction zones as it replaces anhydrite. Figure 5b shows increased illite compositions along a minor mineralization band.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Stable isotopic composition from core samples of selected intervals. Note the depleted oxygen compositions of the Amsden Formations, 
suggesting higher temperature crystallization. The two other formations have less evidence of deep burial alteration.  
Table 1. Triaxial shear data for selected lithologies. Note that confining pressures differ. All depths are rounded to the nearest whole foot. 
Relation of sealing lithologies mechanical strength to reservoir lithologies is discussed in [4]. 
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Depth  
ft (m) 
    
Sample No. Formation 
Confining 
Pressure 
Bulk 
Density 
Compressive 
Strength 
Young's 
Modulus Poisson's 
    (psi) (g/cm3) (psi) (106 psi) Ratio 
2V 10,602 (3,232) Triassic 2490 2.69 49,378 7.96 0.17 
11V 10,630 (3,240) Triassic 2490 2.78 38,504 6.11 0.20 
19V 10,683 (3,256) Triassic 2490 2.65 41,146 5.04 0.19 
5V 12,182 (3,713) Amsden 5500 2.75 97,693 10.35 0.23 
6a 12,224 (3,725) Madison 5500 2.73 47,677 4.75 0.31 
95V 12,384 (3,773) Madison 2490 2.53 36,400 6.91 0.26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Graph of deviatory stress versus radial and axial strain for a sample from the Chugwater Group at 10,630’. The “warble” at the end of 
radial and axial strain suggests a degree of ductility prior to failure.  
 
The Amsden Formation is composed of shale, siltstone, and carbonate of varying mineralogy, which were 
deposited in a shallow, fluctuating marine environment (Fig. 8). Oxygen isotopic analysis (-12.3 to -0.6‰) of 
whole rock indicates that carbonate cements precipitated throughout the burial history (Fig. 6). Petrographic 
analyses and depleted δ18O suggests a high degree of deep burial mineralization related to thermochemical sulfate 
reduction (Figs. 6, 8). Compressive strength of the formation approaches 100,000 psi (Table 1). Capillary 
displacement pressures ranged from 1,100 to >20,000 psi and pore throat radii were generally < 0.08µ (Table 2).  
 
 
Table 2. A selection of mercury capillary displacement analyses from selected sealing lithologies (these represent a selection of the lowest and 
highest values). Note that mercury did not penetrate several samples in the Amsden and Madison, even at >60,000 psi (labeled No Injection).  
 
Formation Depth (ft) Mercury /Air Displacement Pressure (psi) 
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Chugwater Group 10601.9 939.7 
Chugwater Group 10605.85 1140.4 
Chugwater Group 10656.35 2718.7 
Chugwater Group 10682.05 1521.4 
Amsden Formation 12178.1 No Injection 
Amsden Formation 12197.35 1381.1 
Amsden Formation 12227.3 No Injection 
Madison limestone facies 12250 1253.7 
Madison limestone facies 12301 No Injection 
 
   (a)                  (b) 
 
 
 
 
 
  (c)                  (d) 
 
 
 
 
 
 
Fig. 8a-d. Microphotographs of the Amsden Formation at depths of (a) 12,203’, (b) 12,218.7’, (c) 12,199’ and (d) 12,209’ clockwise from top 
left. Note the heterogeneity in lithologies from the fossiliferous limestone in Figure 8a to the finegrained siltstone in Figure 8c to the bimodal 
sandstone in Figure 8d. All slides have some evidence of secondary mineralization and deep burial alteration, though Figure 8b succinctly 
displays a contact between neomorphic calcite (right portion of slide, reddish) and the primary micritic limestone with chert cements. A thin, 
dark dissolution band of insoluble minerals separates the facies.  
The upper limestone facies of the Madison Limestone is comprised of biomicrite, biosparite, biolithite, 
pelmicrite, and several thin collapse breccias with neomorphic calcite and quartz, burial dolomite, and massive 
pyrite (Fig. 9). The limestone was deposited in a northwesterly-prograding carbonate ramp [7], and retains primary 
sedimentary/mineralogical textures with some minor secondary mineralization. Secondary minerals include 
multiple vertical veins and fractures filled with calcite or anhydrite. Depleted δ18O of calcite in fracture fill 
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indicates they precipitated at higher temperatures, and likely correlate to telogenetic alteration. Relatively 
consistent δ18O compositions (-6.5 to -3.6‰) support minimal post-burial alteration. Compressive strength of the 
formation approaches 48,000 psi. Capillary displacement pressures ranged from 1,254 to >20,000 psi and pore 
throat radii were generally < 0.08µ. 
 
(a)        (b) 
 
 
 
 
 
 
Figure 9a and b: Typical fossiliferous micrites in the Madison limestone facies and depths of a. 12,249.8’ and b. 12,233’. Mainly primary 
features typify this facies, lack of developed pore space, and micritic cements. 
 
3.3. Regional well log data  
 
Geologic investigation of regional well logs shows that the Chugwater Group is laterally continuous, 
lithologically consistent, and maintains a relatively constant thickness across the greater RSU (Fig. 10). Well log 
data from the Amsden Formation shows the unit is laterally continuous, though lithologically heterogeneous 
(similar to the study site). The limestone facies at the top of the Madison is absent on the crest of the RSU, though 
it is retained on both limbs of the anticline (Fig. 10).  
4.  Conclusion 
Based on core analysis, each of the three characterized formations has the capacity to competently retain 
injected CO2 at the RSU study site relative to on-site reservoir capacity (Fig. 11). Of the three formations, primary, 
micritic carbonates in the Amsden and Madison formations have the highest measured capillary entry pressures and 
greatest total sealing capacities (Fig. 11). Regionally, these lithologies are proven to have exceptional sealing 
capacity as evidenced by accumulations of hydrocarbons and helium [8]. However, the geologic heterogeneity of 
the Amsden Formation and the regionally discontinuous upper limestone facies of the Madison Limestone add a 
degree of containment-related uncertainty if injected CO2 were to migrate outside the study boundaries. The 
siltstones of the Chugwater Group have lower measured sealing capacities than the other formations (Fig. 11). 
However, as a result of its depositional and diagenetic history, Triassic formations are relatively lithologically 
consistent and have increased sealing capacity relative to similar formations (Fig. 11) [9]. Increased sealing 
capacity for this unit is determined to result from several generations of cementation and clay diagenesis. 
 
 
There are also geologic processes that have introduced uncertainties at the study site. For instance, seismic 
analysis identified two potential seal bypass features that would require additional study prior to CCS activities. 
Thorough characterization of sealing lithologies at our study site has defined sealing capacities and geologic 
heterogeneities in relation to potential uncertainties associated with long-term CO2 sequestration. This study 
emphasizes the necessity of defining sealing lithology at all CO2 sequestration sites. 
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Fig. 10. A cross section of deep wells and associated well logs from east-west across the anticline on the Rock Springs Uplift. The gradual 
thickening of the Chugwater Group (in purple) is related to gradual offshore deposition along the western border of the paleocontinent. The 
missing limestone facies (in blue) at the UP#4 well near the crest of the anticline could be related to either selective dolomitization or 
groundwater dissolution post-deposition. Note the heterogeneity in lithology of the Amsden Formation, indicative of its shallow-marine 
deposition. (Well log legend: SP=spontaneous potential log, GR=gamma ray log, R=resistivity log, Ø=density log [8]) 
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Fig. 11. Displacement pressure of selected sealing units relative to lithologies from other studies [9]. Samples from this study are shown in 
orange boxes. The dashed line indicates displacement pressure needed to retain a 300’ column of injected gas. Notice the improved holding 
capacity of the Chugwater Group relative to similar formations. Maximum pressures in bars for Amsden and Madison samples were 
conservatively chosen to represent mercury displacement pressures of 20,000 psi (~1,400 bars), though measured displacement was far higher 
(Table 2). 
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